Fundamental aspects and mechanisms of acoustic levitation together with governing equations are presented first. Then, the acoustic levitation phenomenon is considered as a new way to design air suspension systems capable of self-levitation. A particular emphasis is on journal bearings and their specific geometrical configuration. A practical feasibility of using acoustic levitation to separate contacting surfaces is supported and illustrated by results of experimental testing of a number of prototype devices.
Introduction
Micro-system technology is no longer a bold idea but rapidly growing area. Potential applications for micro-systems, a generic term coined for miniature devices and mechanisms, are numerous and span a wide spectrum of industries. An example illustrating that is the information technology. Further progress in this area crucially depends on capacity of data storage devices. High capacity data storage devices are required not only by the computer industry but also in the information superhighway, high definition television, digital imaging, etc. The ever-increasing demand for high areal density has led to a continuous reduction in the magnetic spacing between the head and media. Hard discs with areal density of 10 Gb/in 2 are currently in production [1, 2] . Recently, a record areal density of 36 Gb/in 2 has been achieved and the next feasibility demonstration target for the disc drive industry is 100 Gb/in 2 [1] . In order to attain this areal density the required magnetic spacing will have to be lowered to 10 nm. Clearly, in order to achieve areal density of 100 Gb/in 2 a radically new approach to hard disc head design is required as the flying height (the gap between the head and hard disc surface) will be of the order of 6 nm. Current head designs, utilizing aerodynamic lift, are simply not suitable for the next generation storage devices.
Another tendency in data storage devices is the miniaturization. Some of the reasons driving the ongoing miniaturization of sliders are: (i) greater disc area utilization; (ii) lower head to disc separation; (iii) more sliders per silicon wafer; (iv) enhanced shock performance; (v) improved response to disc waviness/asperity; (vi) better tribological performance. Typical dimensions of presently used flying head sliders are: length -1.25 mm; width -1 mm; thickness -0.3 mm. New concepts in micro-scale surface separation are, undoubtedly, required to meet this challenge.
The ideas presented in this paper have a generic significance and potential to provide solutions not only to head/disc interface requirements but also to other micro-system applications, such as computer chip engraving system (lithography), ultra-high speed scanners and cameras, frictionless transportation of miniature components, etc.
Fundamentals of ultrasonic levitation

Standing wave levitation
The standing wave levitation phenomenon was first observed in Kundt's tube experiment [3] , in which small dust particles moved towards the pressure nodes of the standing wave created in a horizontal (Kundt's) tube. Multiple reflections between an ultrasonic radiator and a solid, flat or concave reflector, generate a standing wave with equally spaced nodes and anti-nodes of the sound pressure and velocity amplitude. Solid or liquid samples with effective diameters less than a wavelength can be levitated below these pressure nodes and so the axial suspension of the sample is an effect of the sound radiation pressure in a standing wave. In addition, when combined with a Bernoulli vacuum component, the sound wave can locate the samples laterally as well [4] .
The first detailed theoretical description of standing wave levitation was given by King [5] , which was extended by Hasegawa and Yosioka [6] to include the effects of compressibility. Embleton [7] adopted King's approach to fit to the case of a rigid sphere in a progressive spherical or cylindrical wave field. Westervelt [8] [9] [10] derived a general expression for the force owing to radiation pressure acting on an object of arbitrary shape and normal boundary impedance, and also showed that a boundary layer with a high internal loss can lead to forces that are several orders of magnitude greater than those predicted by the classical radiation pressure theory.
Gorkhov [11] presented a very different approach to King, using a simple method to determine the forces acting on a particle in an arbitrary acoustic field, in which the velocity potential was represented as sum of an incident and a scattered term. Barmatz [12] applied Gorkhov's method to derive the generalized potential and force expressions for arbitrary standing wave modes in rectangular cylindrical and spherical geometries. Lierke gave an overview of standing wave acoustic levitation [13] based on long-term research and development activities of the European and the US space agencies. Xie and Wei [14] studied the acoustic levitation force on disk samples and the dynamics of large water drops in a planar standing wave, by solving the acoustic scattering problem through incorporating the boundary element method.
The theoretical approach of King [5] is presented below for understanding the basic working principles of standing wave levitation. Assuming that the working fluid is adiabatic and barotropic, the equations of motion can be written as:
where 
When the motion is non-rotational, the velocity components can be expressed in terms of the velocity potential :
In the case where air is the medium, the velocity potential can be obtained from the approximate linear wave equation:
which is simplified from the exact differential equation for  using a second order approximation. The equation of continuity is:
and the pressure variation can then be derived from Eq. (5) as:
Where  0 is the density of the surrounding medium,  is the velocity potential, c is the sound speed in air and q is the velocity amplitude equal to 2 2 2 u v w   . Detailed derivation of Eq. (6) can be found in [5] . The time-averaged acoustic pressure on a rigid body can be calculated by integrating the acoustic pressures acting on each surface element of the body. In the case of a plane standing wave, the velocity potential  s can be expressed as [5] :
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where, |A| is the amplitude of the velocity potential, k = 2π/λ is the wave number, and h is the position where the sphere, which is assumed to be small, is located. The acoustic radiation force on a rigid sphere can be calculated as:
with R s being the radius of the sphere. Bucks and Muller [15] presented the first experimental setup for positioning of small samples in acoustic standing waves, in which a small particle was trapped at a position slightly below the pressure nodes of the standing wave between a radiator and a reflector. Wang et al. [16] presented an acoustic chamber for positioning of molten materials in an extreme temperature gradient. Whymark [17] proposed an acoustic levitator for positioning of materials in space using a single source of sound that achieved fine position control by adjusting the reflector. Lierke [18] presented an acoustic levitator for positioning materials samples in mirror furnaces when processing in space. Trinh [19] presented a compact acoustic levitation device for microgravity studies of fluid dynamics and materials science. This classic structure was later modified to achieve better performance. Otsuka et al. [20] used a stepped circular vibrating plate as a radiator for producing high-intensity ultrasound fields which was different from conventional piston-like vibration sources in using the flexural vibration mode of the plate with two nodal rings to achieve higher vibration amplitude. The stepped plate has a concave channel with fixed depth equal to the half sound wavelength in air. This special design makes the concave and convex blocks vibrate in the counter phase so that the ultrasound propagating in the air is modulated in the same phase. As a result, a narrow, intensive, high directional ultrasound beam is obtained. Xie and Wei [21] enhanced the standing wave acoustic levitation force by properly curving the surface and enlarging the reflector and thus high density material, e.g. tungsten, was successfully levitated for the first time using standing wave ultrasonic levitation. Recently Xie and Wei reported the successful levitation of small living animals such as an ant, ladybird and small fish with a standing wave acoustic levitator [22] and their experiments showed that the vitality of the small animals was not impaired during levitation.
All the standing wave levitation systems presented above possessed the classic radiator-reflector configuration and so applications of such configuration were limited to the levitation of small particles whose dimension does not exceed the wavelength of the imposed sound wave. Moreover, the levitation force obtainable from this configuration is very limited and therefore modifications and improvements are needed before standing wave ultrasonic levitation can be applied in non-contact suspension systems such as linear and rotational bearings.
Squeeze-film ultrasonic levitation
Salbu [23] reported a levitation system for objects with flat surfaces that used magnetic actuators to excite two conforming surfaces oscillating next to each other to generate a positive load-supporting force. In 1975, Whymark [17] reported that a brass planar disk of 50 mm in diameter and 0.5 mm in thickness was levitated extremely close to a piston vibration source driven harmonically at a frequency of 20 kHz. These levitation effects reported by Salbu and Whymark were named as squeeze-film levitation and also called near-field acoustic levitation.
A schematic diagram of squeeze-film levitation system usually consists of two parallel plates separated by an air film of thickness h 0 . The time-averaged mean pressure in the gap has a value which is higher than the surroundings, which is caused by the second-order effects possessed by the rapidly squeezed and released gas film between two plane surfaces. Two distinct properties distinguish this type of levitation from standing-wave levitation. First, the reflector is no longer needed; instead, the levitated object itself acts as an obstacle for the free propagation of the ultrasonic wave-front. Second, the gap between radiation source and the levitated object must be much smaller than the sound wavelength in air. Thus, instead of a standing wave, a thin gas film is formed between the radiator and the levitated object, which is rapidly squeezed and released. A simple model introduced by Wiesendanger [24] is presented here to demonstrate the basic idea of how squeeze-film levitation works. The leaking and pumping at the boundary is neglected in this model, thus only the trapped gas that is rapidly squeezed and released is considered. The total mass of air in a fixed volume remains constant, resulting in: const n n pV ph   ( 9 ) where p represents the pressure, V the volume of the trapped gas, h the gap distance for a one-dimensional contact and n the polytropic constant (n = 1 for isothermal condition, n = k ≈ 1.4 for an adiabatic condition of air). The relation between pressure and levitation distance is nonlinear, which leads to a distorted pressure p(t) resulting from the imposed periodic gap distance h(t). The gap distance (air film thickness) oscillates harmonically around a equilibrium position, h 0 , i.e.:
) in which ω is the angular frequency of the oscillation, ε the excursion ratio (ε = a 0 / h 0 ). The excursion ratio denotes the ratio of the vibration amplitude over the mean gap distance, where a 0 is the vibration displacement amplitude. The mean pressure under isothermal conditions (n = 1) can be expressed as in [24] :
It can be easily seen that mean pressure p exceeds the ambient pressure, p 0 . The harmonic motion of the radiating surface produces a non-harmonic pressure oscillation whose mean value is not equal to the quasi-static value, p 0 . The positive mean pressure p is larger than the ambient pressure, p 0 , which is a qualitative confirmation of the existence of a levitation pressure. However, to obtain a quantitative value of the levitation pressure, more sophisticated models are needed which take into account the boundary conditions such as the pressure release at the edge of the gap. Such a model of squeeze-film levitation can be established by following two different routes: acoustic radiation pressure theory and gas film lubrication theory. The first one modifies the acoustic radiation pressure theory according to the different physical conditions in squeeze-film levitation. The second one starts from the theory of gas film lubrication since the working principle is actually similar [25, 26] . Gas film lubrication has been investigated for many years in micro-mechanical systems commonly by solving Reynolds equation A simplified equation for the radiation pressure in squeeze-film acoustic levitation was derived by Chu and Apfel [27] from the acoustic radiation pressure theory presented by Hashimoto et al. [28] . They calculated the Rayleigh radiation pressure in an ideal gas on a perfectly reflecting target as:
Here, E is the energy density which can be expressed as
in which k represents the wave number, γ a specific heat ratio, ω the angular velocity of the wave, a 0 the vibration amplitude and h the distance between vibration source and target. In squeeze film levitation, the levitation distance is very small compared to the wavelength of sound in the free field. It ranges from several to several tens micrometres, therefore in Eq. (12) sin kh kh  was simplified to a linear equation for the radiation pressure in squeeze film levitation:
The radiation pressure, Ψ, in squeeze film levitation is inversely proportional to the square of the levitation distance and proportional to the square of the vibration amplitude a 0 . Hashimoto (14) . The authors put this discrepancy down to the finite dimensions of the surfaces and the non-uniformity of the amplitude of the radiation surface.
Wiesendanger [24] also used gas film lubrication theory [25, 26] and solved the general Reynolds equation both analytically and numerically to achieve quantitative results for the levitation forces. Nomura and Kamakura [29] theoretically and experimentally examined squeeze-film acoustic levitation by numerically solving the basic equations of a viscous fluid using MacCormack's finite-difference scheme and including viscosity and acoustic energy leakage in the model. Minikes [30] studied the levitation force induced by pressure radiation in gas squeeze films, investigating the flow induced both by vibrations perpendicular to a flat surface and by a flexural wave propagating parallel to the surface. For the first case, numerical and second-order analytical perturbation solutions were compared and proved to be in good agreement to each other. For the second case, a modified Reynolds equation was derived to obtain the pressure distribution and the velocity profile in the film in order to determine the reaction forces. Later, Minikes examined the validity of the pressure release boundary condition and the isothermal assumptions through a CFD scheme [31] . By comparing his results to a one-dimensional analytical solution, Minikes found that the levitation force reduced to a half when the energy leakage near the edges of the levitated object were taken in to account. This indicates that the assumption of pressure release at the boundaries, implied in the Reynolds equation, is inadequate in cases where the driving surface is significantly larger than the levitated surface.
Physical fundamentals
Squeeze action
The idea of self-lift generation is based on simultaneous action of physical wedge and normal squeeze mechanisms. Both mechanisms are incorporated into the Reynolds equation [26] , which governs the flow of fluid through a small gap formed between two nominally flat surfaces of which one is horizontal and the other one inclined at a small angle to the horizontal. 3 3
The right hand side of equation (15) points to three possible sources of positive pressure generation within the film separating two surfaces in contact. The first right hand side term, usually called "physical wedge", represents a major pressure generating mechanism in the flow of a fluid. Generation of positive pressure in accordance with the second term requires one of the surfaces to contract or expand in order to create a variable velocity. The third term refers to a normal squeeze action [23, 32] , which, although naturally present in the operation of some devices such as gudgeon pin bearing, is never deliberately included, through appropriate geometry and configuration of interacting surfaces, in the pressure generation mechanism. Figure 1 illustrates all three terms in question (15) . Two of the self-lifting contact concepts, that is floating frame and elastic bearing, discussed later rely on the squeeze action.
Surface contraction
The contraction effect is usually expressed by the Poisson's ratio, which is one of the solid body elastic constants. Poisson's ratio, , is defined as the ratio of transverse to axial strain. The magnitude of varies for different materials and depends on their internal structure. Figure 2 depicts fundamental aspects of contraction effect. Thus, deformation of a plate in horizontal direction can produce contraction in vertical direction. If this is repeated at a sufficiently high frequency, squeeze effect, leading to self-levitation, could be created. 
Acoustic levitation
The near-surface acoustic levitation is a well-established phenomenon [28] . Consider the case where an object with a planar bottom surface is levitated by an acoustic plane wave radiated normally from a piston like sound source (see Figure 3) .
In Figure 3 , the radiation surface is assumed to be vibrating in harmonic motion as
and the bottom surface of the levitated object is assumed to be a rigid plate. In addition to that, the dimensions of the radiation surface and the bottom surface of the object are assumed to be sufficiently large compared with the wavelength of the propagating acoustic waves. According to the formulations derived by Chu and Apfel [27] , the radiation pressure  is expressed as:
where E is energy density given by: 
=1.4 in equation (18).
Embodiment of concepts
Floating frame
Floating frame idea is depicted in Figure 4 . It consists of a frame straddling on the square cross-section guide. The frame itself, also serving as a carrier of objects to be moved with required accuracy, is shown in more details in Figure 5 . The main characteristic features of the frame are elastic hinges making the frame flexible and enabling it to deform in required way under the action of piezo-actuator.
Elastic hinges provide flexibility and secure the form of deformation required by the squeeze film mechanism. In order to create squeeze film effect, it is necessary to generate both constant and periodically varied displacement of the actuator. The constant displacement (offset) is required to create an outwardly converging gap at the guide-frame interface. The periodic displacement is needed to generate pressure with the gap. Figure 6 shows the elastic bearing shell positioned in the housing. Three piezo-electric actuators are mounted in slots within the bearing shell. When electric current, controlled by signal generator and amplifier, flows through the actuator it expands and contracts exerting a cyclic force on the bearing shell.
Elastic bearing
The shell deforms elastically due to the presence of hinges and the initial circular bore is transformed into the three-lobe geometry. Figure 7 shows results of finite element analysis performed to explore the deformation modes of the bearing shell.
The forces required to produce desired deformations are small. Typically, for a bearing made of aluminium with bore diameter of 30 mm and the length of 30 mm, the force required from one piezo-actuator to produce deformation of lobe depth of 3.5 microns is about 10 N. By applying cyclic deformation to the bearing shell (typically 3 to 4 kHz), the air trapped in the gap cannot be completely squeezed out before the next cyclic deformation takes place and, as a result of that, a film of air separating the shaft from the bearing is established.
Acoustic bearing
The configuration of a non-contact acoustic levitation bearing is shown is Figure 8 . A stationary bearing shell, with small radial clearance of less than 0.1 mm, supports a journal. The journal is levitated and rotated, if required, by an ultrasonic vibration wave travelling along the circumference of the bearing shell. The travelling wave can be excited within the shell by superposition of two standing waves with both spatial and temporal phase differences of 90° as schematically shown in Figure 9 . Changing the phase relation between the standing waves can reverse the propagation direction. The travelling wave within the bearing shell generates a sound field in the gap between the journal and the shell. The sound field travels in the same direction as the travelling wave that is along the circumference of the shell. The operation mechanism can be tentatively explained as follows. The travelling sound field in the gap produces three unidirectional forces acting on the journal. Only one of them, namely the acoustic radiation force in the radial direction, levitates the journal. The other two forces, that is the acoustic viscous force in the tangential direction and the acoustic viscous force in the axial direction, 
Contracting plate
Generation of lifting force in contracting plate configuration entirely relies on Poisson's effect and squeeze film action. Figure 10 shows a possible arrangement for the contracting plate. A rectangular plate is constrained at both ends. A pair of foil-type piezo-electric actuators attached to the plate provides force required to generate uni-axial state of stress in the plate. Cyclic elongation of the plate in the horizontal direction results in a cyclic contraction in the vertical direction and creation of a fluctuating gap (dimple) at the interface between the plate and the object to be lifted. 
Experimental verifications of prototype devices
Floating frame
In order to verify the idea of self-lift generation due to simultaneous action of the physical wedge and normal squeeze experiments were carried [33] out using set-up shown in Figure 12 .
It was experimentally found that below 700 Hz, insufficient film pressure was generated and above 2500 Hz the amplifier limits the power to the piezoelectric actuators. Large peak pressure around 800 Hz is due to the first resonance mode, and, maybe, another one at a higher frequency. Large vibrating amplitudes of the bearing at those frequencies also confirmed this, as Figure 13 . Experimental results show (see Figure 14 ) that an oscillating film pressure in generated at steady state operation of the bearing.
Although it is quite clear that the peak-peak film pressure increases with vibrating amplitude, the effect of frequency is unclear as the measured range is greatly affected by the resonance modes. At resonance, the bearing can behave in a chaotic manner and the vibrating motion is never a simple harmonic motion. Although the pressure measurements are overall very repeatable, it was difficult to estimate the floating height, in particular near the resonance modes, as shown in Figure 15 .
Elastic bearing
Experimental apparatus used to verify the idea of elastic bearing is schematically shown in Figure 16 . A tilting test rig was built to determine the squeeze film load capacity of the journal bearing. A stainless steel shaft of nominal diameter 30 mm was fitted into the bearing with the clearance of 40 μm. The aerostatic thrust ensures that the shaft floats freely during testing. A piezoelectric amplifier and frequency generator control the operation of the journal bearing and hence squeeze film amplitudes and frequencies. The shaft lift off by squeeze film pressure is measured using non-contact Eddy current sensors. The housing is magnetically clamped onto a tilting chuck and by tilting the housing the loading imposed on the bearing by the shaft can be adjusted.
The pressure profile of Figure 17 shows a temporal averaged pressure greater than ambient pressure resulting from the compressibility of the fluid [34] . Presently, the loading was kept constant for each set of tests, so the load capacity of the bearing can be measured by the floating height of the shaft. A larger separation between the bearing and shaft would clearly indicate a higher load capacity. Figure 18 shows the relationships between the floating height of the shaft with the squeeze film frequency. The experimental and numerical results show reasonably good qualitative agreement; the floating height increases with increasing vibrating amplitudes, exemplified by larger voltage. 
Contracting plate
Flow chart in Figure 19 demonstrates the experimental set up of the apparatus [35] . The flow chart shows the various components used throughout the experiment and the connections between them. Figure 20 depicts actual experimental set up used to test the contracting plate idea. Four foil type piezo-electric transducers (PZT) were attached to a 1.9 mm thick aluminium plate, which was rigidly clamped at both ends. The pate was of rectangular shape with dimensions 190 mm by 80 mm.
The initial testing was started with the lengthways orientation of two PZTs and widthways orientation of the other two PZTs. A preliminary experiment was carried out using the gold plated glass circular levitation sample operating the plate at a resonant frequency of 25.6 kHz. The levitation distances recorded for different orientations of the PZTs are shown in Figure 21 .
The graph in Figure 21 clearly shows that the levitation distance is almost entirely dependent upon the 
110-Volt Transformer
Used to drive the Japanese PZT amplifier and monitor.
PZT Amplifier
Amplifies the sine wave signal from the signal generator . Maximum of 160Volts. Also controls the offset of the sine wave.
PZT Monitor
This displays a readout of the offset voltage and has an output for the oscilloscope at 1/10 th of the signal output.
Oscilloscope
Two-channel oscilloscope displays both the input sinusoidal wave signal and the output voltage from the capacitance proximity probe actuator.
Sine Wave Function Generator
This function generator is used to create a sine wave in this experiment to make the piezoelectric elements oscillate.
Proximity Probe Actuator
The "Accumeasure 5000", this device drives the proximity probe; sending a signal to the oscilloscope providing a voltage readout that can be converted directly to distance. laterally aligned PZTs and the longitudinally aligned elements do not contribute much to the levitation effect. Figure 22 shows the combined mass of the levitating sample vs. the separation distance achieved for the fixed voltage input amplitude with 80 V offset and peak 160 V. These results produce a curve; the trend line of the curve follows most of the data points, with only a few points straying from the line, this suggests a reasonably accurate set of results.
Concluding remarks
New concepts of self-lifting contacts presented in this paper are the response to challenges posed by the growing high precision engineering applications. Linear slider operating on squeeze air film principle is an example of these new ideas. Linear slider configuration concept has been proved by experimental results. Pressure profiles from the experiments are somewhat smaller than those predicted by theoretical model. Air lubricated journal bearing that uses hinges to elastically deform the bearing clearance geometry also proved to be a feasible proposition. The bearing is designed to generate aerodynamic and squeeze film pressures. The purpose of squeeze film pressure is to initiate self-lift during the start-up stage. The numerical and experimental results show good agreement. With vibrating amplitude and frequency of 0.45 microns and 1400 kHz respectively, sufficient squeeze film pressure was generated by the bearing to support a load up to 2.18 N.
Experimental verification of a contracting plate idea proved to be successful. The levitation distance appears inversely proportional to the square root of the weight per unit area of the floating sample in all flexural modes.
Acoustic bearing concept is to be verified experimentally although preliminary computer simulation results are promising.
